Abstract When retinal cell cultures were mechanically scratched, cell growth over the empty area was observed. Only dividing and migrating, 2 M6-positive glial cells were detected. Incubation of cultures with apyrase (APY), suramin, or Reactive Blue 2 (RB-2), but not MRS 2179, significantly attenuated the growth of glial cells, suggesting that nucleotide receptors other than P2Y 1 are involved in the growth of glial cells. UTPγS but not ADPβS antagonized apyrase-induced growth inhibition in scratched cultures, suggesting the participation of UTP-sensitive receptors. No decrease in proliferating cell nuclear antigen (PCNA + ) cells was observed at the border of the scratch in apyrase-treated cultures, suggesting that glial proliferation was not affected. In apyrase-treated cultures, glial cytoplasm protrusions were smaller and unstable. Actin filaments were less organized and alfa-tubulinlabeled microtubules were mainly parallel to scratch. In contrast to control cultures, very few vinculin-labeled adhesion sites could be noticed in these cultures. Increased Akt and ERK phosphorylation was observed in UTP-treated cultures, effect that was inhibited by SRC inhibitor 1 and PI3K blocker LY294002. These inhibitors and the FAK inhibitor PF573228 also decreased glial growth over the scratch, suggesting participation of SRC, PI3K, and FAK in UTP-induced growth of glial cells in scratched cultures. RB-2 decreased dissociated glial cell attachment to fibronectin-coated dishes and migration through transwell membranes, suggesting that nucleotides regulated adhesion and migration of glial cells. In conclusion, mechanical scratch of retinal cell cultures induces growth of glial cells over the empty area through a mechanism that is dependent on activation of UTP-sensitive receptors, SRC, PI3K, and FAK.
Introduction
The vertebrate retina is widely used for approaching the development of the CNS, and genesis of all cell types during its development is well characterized [1] . In this tissue, Müller cells are the principal glia that interacts with the majority of neurons [2] . They have supportive function for retinal neurons, responding to and releasing a variety of molecules during development and in the adult tissue [3] . These cells regulate extracellular levels of K + , H + , and neurotransmitters, release vasoactive agents and D-serine, and inhibit cell swelling under hypotonic conditions, among other functions [4, 5] .
Müller cells are generated from late developing progenitors within the retina. These progenitors leave cell cycle after most ganglion, amacrine, and horizontal cells, as well as photoreceptors, have already ceased mitosis and are differentiating [6] . Although, during normal development of the retina, Müller cells stop dividing, they are capable of re-entering the cell cycle during Breactive gliosis^in response to retinal damage or disease [4, 7, 8] .
In the retina, ATP can be released through a calciumdependent mechanism by application of several depolarizing stimuli such as light, KCl, and glutamate agonists [9] [10] [11] [12] . ATP can also be released from pigmented epithelium (PE) by the opening of connexin 43 hemmichanels [13] or NMDA receptor stimulation [14] . Recently, the release of ATP in the retina or in cultures of retinal cells was observed in pathological conditions such as high glucose [15] or elevated intraocular pressure [16] .
Both P1 and P2 purinergic receptors are expressed in retinal Müller cells. Although with variability between species, Müller cells express A 1 , A 2A , and A 2B adenosine receptors, as well as some P2Y and P2X nucleotide receptor subtypes [17] . Evidence for the presence of P2Y 1 , P2Y 2 , P2Y 4 , and P2Y 6 in Müller cells from salamander, human, guinea pig, or rodent retina was obtained by elicitation of calcium responses with agonists, immunocytochemistry against receptor protein, or hybridization with cDNA probes for gene transcripts [18, 19] .
During development, evidence for the presence of P2Y 1 receptors in glial progenitors was obtained in chick embryo retinal cultures and early postnatal rodent retina [20] [21] [22] [23] . Activation of these receptors by ATP or ADP induces the proliferation of glial progenitors by a mechanism involving PKC, MAPK, and PI3K/AKT pathways [23] [24] [25] [26] . As opposed to early developing neuronal progenitors that are sensitive to UTP, no proliferation of late developing glial progenitors is observed by activation of UTP-sensitive nucleotide receptors in monolayer cultures or cultured explants of chick embryo retinas [20, 24] . The proliferative response of glial cells in culture to ATP decreases, as the cultured cells differentiate, and no effect of this nucleotide is observed 4 days after the onset of cultures obtained from retinas of 7-day-old chick embryos or 1-day-old mice [21, 23] .
Besides proliferation, nucleotides also regulate migration and/or chemotaxis of a broad range of cell types, including immune cells, cardiac fibroblasts, epithelial, endothelial, or tumor cells, keratinocytes, and microglia [27] . During CNS development, nucleotides induce the migration of astrocyte progenitors [28] and neural stem cells [29] . When these cells are stimulated with ATP, UTP, or EGF, an increase in cell spreading and formation of stress fibers is observed [30] .
In the present work, we investigated if nucleotides regulate the growth of Müller cells in scratched chick embryo retinal monolayer cultures. Our results show that activation of UTP-but not ADP-sensitive nucleotide receptors-induces glial cell growth in the scratched area by a mechanism that also involves PI3K, SRC, and FAK signaling pathways. Glia adhesion and migration, but not proliferation, are modulated by nucleotides.
Materials and methods
All procedures were performed according to the Guidelines for the Care and Use of Laboratory Animals, as described in the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and by the National Institute of Health, and approved by the commission of animal care from Fluminense Federal University (CEPA/PROPPi-00132/09).
Materials
Fertilized White Leghorn chicken eggs were obtained from a local hatchery and incubated at 38°C in a humidified atmosphere up to the appropriate stage. ADPβS, ADP, suramin, Reactive Blue 2 (RB-2), MRS 2179, anti-beta-tubulin III (TUJ1), anti-α-tubulin, pyridoxal phosphate-6-azo(benzene-2,4-disulfonic acid (PPADS), and UTP were from SigmaAldrich (St. Louis, MO, USA); [ 3 H]-thymidine (5 Ci/mmol) was from PerkinElmer (São Paulo, SP, Brazil). Antibodies against proliferating cell nuclear antigen (PCNA, catalog # 2586), phospho-AKT (SER 473, catalog # 4060), and phospho-ERK 1/2 were from Cell Signaling Technology (MA, USA). Anti-transitin (catalog # EAP3) and antivinculin (catalog # VN 3-24) were from DSHB (IA, USA). Anti-P2Y 2 (catalog # APR 010) and anti-P2Y 4 (catalog # APR-006) were from Alomone Labs (Jerusalem, Israel). Monoclonal anti-2M6 was kindly provided by Dr. B. Schlosshauer (Max-Planck-Institute, Tübingen, Germany). Minimum Essential Medium (MEM) and fetal calf serum were from Life Technologies (São Paulo, SP, Brazil). Fluo-3 AM and phalloidin-Alexa 568 were from Molecular Probes (São Paulo, SP, Brazil). All other reagents were of analytical grade.
Retinal cell monolayer cultures
Chick embryos at embryonic day 8 (E8) were killed instantaneously by decapitation, and the eyes were removed and immediately transferred to Ca 2+ -and Mg
2+
-free balanced salt solution (CMF) where the retinas were dissected from other structures. Trypsin, at a final concentration of 0.1 %, was then added to the tissues and the suspension incubated at 37°C for 20-25 min. Trypsin solution was removed and the retinas suspended in MEM containing 5 % fetal calf serum, 2 mM glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin. Tissues were mechanically dissociated by successive aspirations of the medium and cells counted in a Neubauer Chamber. ), respectively. Cells were then incubated at 37°C for the indicated periods of time, in humidified atmosphere of 95 % air/5 % CO 2 . The culture medium was exchanged every other day.
Enriched glia cultures
Purified cultures of glia were obtained as described by Loiola and Ventura [12] and maintained for about 3 weeks. The initial density of cells was 5.0×10 6 cells/dish and medium was changed regularly two times a week. Cultures were used after 20-22 days, when almost all neurons died and the cultures contained only glial cells.
Scratch injury
Cultures of retinal cells obtained from 8-day-old embryos and maintained for 7 days (E8C7) were injured one time with a 10-μL pipette tip (Axygen) by scratching out the monolayer and generating an area devoid of cells. Culture medium was changed, and cultures were immediately treated with apyrase or nucleotide agonists or antagonists for 3 days. Medium was changed every other day and drugs added again to the cultures. The area of scratch in the cultures was photographed under phase contrast illumination on a Nikon Eclipse microscope (×10) and the area devoid of cells determined by the Image J software previously calibrated to 1.06 pixel/μm. Ten fields of 0.325 mm 2 per culture were photographed each day, and the growth of cells estimated as the decrease in the area devoid of cells. In some experiments, the scratch border area covered by glial cells between neurons and the center of the scratch was also estimated using the same procedure.
Immunofluorescence
Retinal cultures from 8-day-old embryos maintained for 10 days (E8C10) containing 10 7 cells/dish and scratched on day 7 were washed with phosphate-buffered saline (PBS) and fixed for 15 min in 0.16 M phosphate buffer, pH 7.6 with 4 % paraformaldehyde. After three washes of 5 min with PBS, pH 7.6, cells were permeabilized with 0.25 % triton X-100 for 30 min. Nonspecific sites were blocked by incubating cells for 60 min in PBS/Triton X-100 containing 0.1 % NGS and 5 % bovine serum albumin (BSA). Cells were incubated overnight at 4°C with anti-2M6 (1:200), anti-beta-tubulin III (1:100), anti-alfa-tubulin (1:2000), or anti-vinculin (1:50) primary antibodies. Cultures were washed and incubated with Alexa secondary antibody (1:200) for 2 h at room temperature. Nuclei were counterstained with DAPI and cells examined and photographed with Leica SP5 confocal microscope. For PCNA labeling, scratched cultures were fixed, washed with PBS, and incubated with 10 mM citrate buffer (pH 6.0) for 10 min at 100°C before the blockade of nonspecific sites. For visualization of actin filaments, scratched cultures on glass bottom dishes (FluoroDish, World Precision Instruments, Inc.) were incubated with phalloidin-Alexa 568 for 30 min at 4°C and visualized on a Leica SP5 confocal microscope.
Live imaging
Retinal cells were seeded on glass bottom dishes (FluoroDish, WPI Inc.) and cultured for 7 days, when the cultures were scratched. After 2 days, culture medium was changed to MEM buffered with 25 mM HEPES (pH 7.4) plus serum and antibiotics and cultures mounted on a Leica SP5 confocal microscope equipped with a culture chamber. Cultures were maintained at 37°C and photographed every 5 min under differential interference contrast illumination using a ×20 objective during 6 to 24 h.
Cell adhesion assay
Glia purified cultures were incubated with dissociation reagent (Tryple TM select, Life Tech. Inc.) for 3 min, at 37°C. Dissociation medium was carefully removed and the cells dissociated in MEM with 5 % serum. Cells, at a density of 75,000 cells/well were seeded on 12-well dishes previously coated with 10 μg/mL of fibronectin and incubated for 2 h in the presence or absence of 2.5 U/mL of apyrase or 50-100 μM Reactive Blue-2 (RB-2). Cultures were washed four times with PBS to remove unattached cells and fixed with methanol. Ten fields along the diameter of each culture were photographed on a Nikon Eclipse microscope under phase contrast illumination using a ×10 objective. Cells were counted with the aid of the ImageJ software.
Chemotaxis assay Glial cells obtained as described above were re-suspended in MEM with 5 % serum at 3×10 5 cells/mL. Corning transwell chambers (Sigma-Aldrich Inc.) with 8-μm pore polyester membrane inserts were coated with 10 μg/mL of fibronectin and placed into well of 24-well culture plates. The lower transwell chamber was filled with 600 μL of MEM-5 % serum containing 20 μM UTPγS or 100 μM RB-2. An aliquot of 100 μL of cell suspension was added to the upper chamber, and cells were further incubated at 37°C. After 16-18 h in a 5 % CO 2 /95 % air atmosphere, the remaining cells in the upper chamber were removed by scraping the membrane with a cotton swab and cells attached to the bottom surface fixed with ice-cold methanol for 15 min. After two washes with PBS, cells were stained with hematoxylin for 30 min, washed, and counted in photographs of 10 fields obtained by sliding a ×20 objective of a Nikon inverted microscope along the diameter of the membrane insert. 3 H]-thymidine (0.5 μCi) for 60 min, at 37°C. Cultures were then washed four times with 2 mL BME buffered with 25 mM HEPES, pH 7.4, and the cells dissolved with 0.2 mL of 0.4 N NaOH. After dilution of the samples with 3 mL H 2 O, 0.6 mL of 50 % trichloroacetic acid (TCA) was added and the mixtures incubated, at 4°C, for at least 30 min. The samples were filtered through Whatmann GF/B glass fiber filters and washed three times with 5 % TCA. Filters were dried and the radioactivity determined by scintillation spectroscopy.
Calcium imaging
The Fluo-3 AM indicator was used, following previous published protocols [31, 32] . In brief, cultures were incubated for 1 h in complete MEM medium containing 5 μM Fluo-3 AM, 0.2 % (v/v) Pluronic F-127, 0.5 % (v/v) DMSO, and 2.5 mM probenecid. Cells were washed with HBSS with probenecid and incubated for an additional 15 min to allow complete deesterification of the AM ester. Live calcium imaging was carried out on a Leica TCS SP5 II confocal microscope, using a 488 laser line for excitation, images sizes of 256×256 pixels, and acquisition rates of 1 frame/s. Emitted fluorescence was recorded at wavelengths between 530 and 565 nm. Data were 
Western blotting
Retinal cells cultured as monolayers for 8 days (E8C8) were washed with MEM-HEPES, pH 7.4, pre-incubated for 30 min with 1 μM Src Inhibitor or 25 μM LY 294002, and then incubated with 100 μM UTP for 5 min at 37°C. After stimulation, sample buffer without bromophenol blue (62.5 mM Tris-HCl, pH 6.8, containing 10 % glycerol, 2 % sodium dodecyl sulfate (SDS), and 5 % 2-mercaptoethanol) was added and cell extracts boiled for 10 min. Protein content in 2-μL samples of extracts was estimated by the Bradford protein assay, using BSA solution plus 2 μL sample buffer as standard. After addition of bromophenol blue (0.02 %), protein extracts (50 mg/lane) were size-fractionated on 9 % SDS polyacrylamide gel, transferred to PVDF membranes (GE Healthcare), stained with Ponceau red, and blocked in Trisbuffered saline (pH 7.6) with 0.1 % Tween-20 and 5 % non-fat milk. Membranes were incubated with anti-phospho-Akt or anti-phospho-ERK overnight, at 4°C. Blots were developed using a secondary antiserum conjugated to horseradish peroxidase (Bio-Rad Labs Inc.) and enhanced chemiluminescence, according to the manufacturer's protocol (ECL prime, GE Healthcare). In selected experiments, membranes were stripped and re-probed with anti-Akt or anti-ERK. Membranes containing proteins from extracts of purified glial cultures were incubated with anti-P2Y 2 and anti-P2Y 4 overnight, and blots were developed in the same way. The intensities of labeled bands in Western blot experiments were quantified by using TotalLab TL120 1D.
TUNEL assays
Retinal cultures treated or not with 2.5 U/mL of apyrase were fixed with 4 % paraformaldehyde for 1 h and washed three times with PBS. Apoptotic cells were labeled with the APOBrdU ™ TUNEL Assay Kit (Molecular Probes) according to the provided protocol. Labeled cultures were photographed on a Leica SP5 confocal microscope. Experiments were replicated three times with similar results.
Statistical analysis
The statistical analysis was performed by ANOVA and the Bonferroni's multiple comparison test.
Results
When retinal cultures obtained from 8-day-old embryos and cultivated for 7 days (E8C7) were scratched with a pipette tip, an area devoid of cells of 22.3±1.0 mm 2 /10 −2 could be determined in micrographs of 0.325-mm 2 fields of the cultures (Fig. 1a, b) . The area free of cells decreased progressively on the subsequent days, and 3 days after the scratch, the injured portion of the culture was populated with cells, with the empty area representing only 34.5 % of the original area (7.7± 0.9 mm 2 /10 −2 ). After 7 days, the area devoid of cells decreased slightly further to 5.3±1.2 mm
. Only glial cells labeled with anti-2M6 antiserum could be noticed in the scratched area. Although anti-β-tubulin III (TUJ) labeling was also observed over glial cells located in the scratched area (Fig. 1g) , most of the β-tubulin III positive, 2M6 negative neurons were observed only at the margins of the scratched area or at regions away from the scratch (Fig. 1f) . Moreover, very few neuronal processes were observed crossing or growing toward the scratched area, and glial cells located in this area were also positive for the progenitor marker transitin, the avian homolog of nestin (Fig. 1h) .
In order to verify if the filling of the scratched area involved glial cell proliferation and/or migration, the growth of cells over scratched areas of the cultures were recorded by timelapse live imaging on the third day after scratching the cultures. Micrographs were taken every 5 min under differential interference contrast illumination. Both division (arrow) and movement of the glial cells (asterisk) were observed in the e Density of glia nuclei at the growing border of the cultures 3 days after the scratch. Density of nuclei was determined by the number of DAPI + nuclei divided by the area of the border. f Representative micrographs showing apoptotic cells (arrows) in scratched cultures that were treated with 2.5 U/mL of apyrase for 6 h or 3 days, fixed, and processed by TUNEL assays as described in the "Materials and methods" section. Anti-BrdU (green) and propidium iodide (red) were used to label cells. g Effect of P2 receptor antagonists on the growth of glial cells over the scratched area. Retinal cultures at E8C7 were scratched and treated with 100 μM suramin or PPADS, 40 μM Reactive Blue 2 (RB-2), or 30 μM MRS 2179 for the next 3 days. The area free of cells was determined in 10 fields per culture as described in the "Materials and methods" section. Data represent the mean±SEM of six separate experiments performed in duplicate (c) or three to eight separate experiments performed in duplicate (d, e, g). ***p<0.001 compared to control cultures just after the scratch at time 0 (c, g) or control cultures 1 day after the scratch (d). # p<0.5, ## p < 0.01, and ### p < 0.001 compared to control cultures at the corresponding time after the scratch of the cultures. Scale bar=30 μm in a and b and 10 μm in f scratched areas as illustrated by the sequential micrographs in Fig. 2 and by the Online Resource 1.
Previously, Sanches et al. [20] demonstrated that ATP through the activation of P2Y 1 receptors induces the proliferation of retinal progenitors in culture, an effect that could be observed until the fourth day after the onset of retinal cell cultures [21] . However, besides their effect on the proliferation of glial progenitors, several experimental data suggest that nucleotides are involved in the growth of glial cells in the reactive gliosis that occurs when adult nervous tissue is injured [33, 34] . In order to investigate if nucleotides were involved in the growth of glial cells over the scratched area of the monolayer retinal cultures, scratched cultures at E8C7 were incubated with 2.5 U/mL of apyrase, an enzyme that hydrolyses nucleoside triphosphates and diphosphates (Fig. 3) (Fig. 3a-c) . The effect of apyrase on the growth of glial cells after the scratch was also noticed when the area of the growing border was determined (Fig. 3d) . Moreover, the inhibition of glial growth induced by apyrase was accompanied by an increase of~46 % in the density of glia nuclei at the border of the scratch (Fig. 3e) , but not by an increase in cell death. No increase in the number of TUNEL-positive cells was noticed in apyrase-treated cultures 6 h after the scratch or 3 days later (Fig. 3f) The effect of P2 receptor antagonists on the growth of glial cells over the scratched area in injured cultures is shown in Fig. 3g . Both suramin and RB-2, two general P2 antagonists, significantly attenuated the decrease in the area free of cells observed in control cultures. The attenuation induced by these compounds was progressive, and 3 days after the scratch of the cultures, the area free of cells decreased to 14.8 % of the original area in the control cultures but represented 69.3 and 53.1 % of the original area in suramin-and RB-2-treated cultures, respectively. In contrast to suramin and RB-2, no significant effect of the specific P2Y 1 receptor antagonist MRS 2179 (30 μM) or 100 μM PPADS was detected. Three days after the scratch, the area free of cells decreased to 24.0 and 25.9 % of the original area free of cells, respectively, values similar to the area observed in the control cultures. Although MRS 2179 did not affect the growth of glial cells over the scratched area in cultures at the stages between E8C7 and E8C10, this compound blocked, in a dose-dependent manner, the increase in the incorporation of [ [20, 21] .
The presence of P2Y receptors sensitive to ADP or UTP in glial cells growing over the scratched area was investigated by calcium imaging assays (Fig. 4) . Retinal cultures at E8C7 were scratched and cultivated for 2 days. At E8C9, cultures were loaded with the calcium indicator Fluo-3 AM as described in the BMaterials and methods^section and stimulated with 100 μM final concentration of ADP (Fig. 4, panels A, C , E, and G) or UTP (Fig. 4, panels B, D, F, and H Suramin and RB-2 are antagonists that block several P2 receptor subtypes. In order to investigate further the nature of the P2 receptors involved in the glial cell growth over the scratched area, retinal cultures were injured at E8C7 and incubated in the following days with 2.5 U/mL of apyrase in the presence of 10 μM UTPγS (Fig. 5a ) or 50 μM ADPβS (Fig. 5b) ). Although affecting different cell populations, both ADP and UTP induce cell proliferation in the early developing retina [13, 20, 21, 23, 24] . UTP also stimulates the proliferation of astrocytes from the cerebral cortex [35] . In order to verify if nucleotides were stimulating the proliferation of glial cells in the scratched area of the retinal cultures, the effect of apyrase on the number of proliferating PCNA-positive glial cells at the edge of the scratched area was evaluated (Fig. 6) . Retinal + ratios were determined 1, 2, or 3 days after scratching the cultures. f Cultures at E8C8 that were scratched or not at E8C7 were incubated with 100 μM UTP for 24 h and the incorporation of [ 3 H]-thymidine determined as described in the "Materials and methods" section. Data were expressed as % control of non-scratched cultures and represent the mean±SEM of three to six separate experiments performed in duplicate. Bar= 10 μm cultures at E8C7 were scratched and incubated in the following days with or without 2.5 U/mL of apyrase. Cultures were fixed and labeled with anti-PCNA as described in the BMaterials and methods^section. Neuronal and glial nuclei were labeled with DAPI and the edge of the scratched area photographed. The number of glial nuclei labeled for PCNA and/or DAPI was determined at the area between neurons and the center of the scratch in 10 micrographs of each culture as exemplified in Fig. 6a-d . While in control cultures the proportion of PCNA + /DAPI + nuclei at the edge of the scratched area increased to 85.5±1.2 % 3 days after the scratch (Fig. 6e) , no significant decrease in the proportion of PCNA + / DAPI + nuclei was observed in the apyrase-treated cultures. Three days after the scratch, this ratio decreased only slightly to 80.8± 4.6 % in apyrase-treated cultures.
Since UTPγS antagonized the inhibition of the glial growth induced by apyrase in the scratched area of the retinal cultures (Fig. 5a ), the effect of UTP on the incorporation of [ 3 H]-thymidine in the cultures was also evaluated (Fig. 6f) . Cultures at E8C8 that were scratched or not at E8C7 were incubated with 100 μM UTP for 24 h and the incorporation of [ In cultured murine neural stem cells, nucleotide-and EGFdependent cell migration and actin cytoskeletal rearrangements were associated with the phosphorylation of FAK and Akt [30] . Moreover, activation of the UTP-sensitive nucleotide P2Y 2 receptor, a protein that contains two Src-homology-3 (SH3) binding domains that interact with Src [36] , induces the migration of rat astrocytes in culture [37] . In order to identify potential intracellular signaling pathways involved in nucleotide-induced growth of glial cells in the scratched area, the effect of UTP on the phosphorylation of Akt and ERKs was investigated. Retinal cultures at E8C8 were incubated for 5 min with 100 μM UTP, in the absence or presence of 1 μM Src inhibitor-1 or 25 μM LY294002. As revealed by the Western blotting experiments shown in Fig. 7 , UTP induced a significant increase in the phosphorylation of Akt and ERK in the cultures, effects that were significantly decreased by the Src and PI3K inhibitors.
The effect of inhibitors of intracellular signaling pathways on the growth of glial cells over the scratched area was also evaluated. Retinal cultures at E8C7 were scratched and incubated in the following days with the Src inhibitor-1 (0.2 μM), the PI3K inhibitor LY294002 (10 μM), the FAK inhibitor PF 573228 (10 μM), or with the MEK inhibitors PD98059 (10 μM) and U0126 (10 μM) (Fig. 8) . Attenuations of glial growth by Src inhibitor-1, PF 573228, and LY294002 were statistically significant and around 70, 52, and 41 %, respectively. Although both MEK inhibitors showed some attenuation of glial growth in the scratched area (25.1 and 34.2 % for PD98059 and U0126, respectively), their effects were not statistically significant. The effect of apyrase on the morphology and cytoskeleton of glial cells at the border of the scratched area is shown in Fig. 9 . While scratched control cultures showed glial cells with cytoplasm protrusions toward the empty area, glial cells from scratched apyrase-treated cultures were smaller, many of them with the cytoplasm parallel to the border of the scratch and without protrusions oriented to the empty area (Fig. 9a, b) . Moreover, while in control cultures many glial cells showed lamellipodia-like protrusions with phalloidin-labeled stress fibers and alfa-tubulin network spreading toward the scratched area (Fig. 9c) , in apyrase-treated cultures, a lower phalloidin labeling in glial cells could be noticed and alfa-tubulin formed bundles parallel to the border of the scratched area (Fig. 9d) . The same pattern of disorganized phalloidin-labeled actin filaments was observed when cultures were treated with 0.2 μM Src inhibitor-1 (data not shown).
The parallel arrangement of α-tubulin and absence of cytoplasmic protrusions in glial cells at the border of the scratch in the apyrase-treated cultures could be due to a lower adhesion of these cells to the substrate. In order to investigate this possibility, labeling of vinculin, a protein associated with adhesion sites in migrating cells, was performed in scratched cultures that were cultivated in the presence or absence of 2.5 U/mL of apyrase for 3 days (Fig. 9e-j) . Phalloidin was used to label actin fibers. Several vinculin-expressing puncta located at the end of stress fibers in cytoplasmic protrusions of glial cells growing toward the scratch could be noticed in control cultures (Fig. 9e-g ). In contrast, vinculin-labeled puncta were rarely distinguished in glial cells in apyrasetreated cultures (Fig. 9h-j) .
In order to characterize further the effect of apyrase on the growth of glial cells in the scratched area, the border of the scratch in apyrase-treated cultures were recorded by timelapse live imaging between the second and the third days after scratching the cultures. Micrographs were taken every 5 min under differential interference contrast illumination. As illustrated by the sequential micrographs in Fig. 10 and by the Online Resource 3, glial cell protrusions toward the empty area were smaller and unstable, soon retracting toward the cell soma at the border of the scratch. As opposed to control cultures, no glial cell moving away from other glial cells at the border of the scratch was noticed in apyrase-treated cultures. However, as in control, glial cell division was frequently noticed in these cultures. Similar observations were obtained in RB-2-treated cultures (data not shown).
Cell migration is a complex, multistep process that encompasses cell polarization, protrusion, adhesion, and forward cell displacement [38] . Since vinculin-labeled puncta over glia were decreased and the displacement of these cells in apyrasetreated cultures seemed not to be complete, the effect of RB-2 on the attachment of glial cells to fibronectin-coated dishes was performed. Dissociated glial cells at a density of 75.000/ well were added to 12-well culture dishes previously coated with 10 μg/mL of fibronectin in the presence or absence of RB-2 at 50 or 100 μM concentrations. After 2 h, cultures were extensively washed, fixed, and photographed, and the number of attached cells was estimated. While only a small and not significant decrease of 13.5 % in the amount of attached cells was observed in apyrase-treated cultures, treatment of glial cells with 50 or 100 μM RB-2 decreased significantly the number of attached cells by 37.5 and 58.9 %, respectively (Fig. 11c) . The morphology of the attached glial cells in the cultures is shown in Fig. 11a, b .
Retinal glial cell migration was also evaluated using transwell inserts in chemotaxis assays (Fig. 12) . Addition of 100 μM RB-2 to the lower chamber of cell culture dishes containing inserts with 8-μm polyester membranes caused a significant decrease of approximately 66.7 % in the number of cells at the lower side of the membrane (Fig. 12d) . In contrast, addition of 20 μM UTPγS increased the number of cells at the lower side of the insert by~17 %. However, this increase was not statistically significant.
The UTP-sensitive P2Y 2 receptor was implicated in migration of cultured astrocytes [37] . In order to determine the Fig. 10 Absence of glial cell migration at the scratched area of retinal cultures treated with apyrase. Retinal cell cultures at E8C7 were scratched and treated with 2.5 U/mL of apyrase for 2 days. Culture medium was changed to MEM buffered with 25 mM HEPES (pH 7.4) plus apyrase, serum, and antibiotics and cultures mounted on a confocal microscope with a culture chamber. Cultures were photographed at the indicated time periods under differential interference contrast illumination using ×20 objective. Note the small and unstable glia protrusion (white arrow). Bar=30 μm presence of this receptor subtype in glial cells growing toward the scratched area, retinal cultures at E8C7 were scratched and cultivated for 3 days. At E8C10, cultures were loaded with the calcium indicator Fluo-3 AM as described in the BMaterials and methods^section and stimulated with 20-μM final concentration of the P2Y 2 -specific agonist MRS2768 or 100 μM UTP, in the absence or presence of 100 μM PPADS, a relative weak antagonist for the P2Y 4 receptor (Fig. 13a-d Immunoblotting experiments using an antiserum against the rat P2Y 2 receptor revealed the presence of this receptor protein in extracts from purified retinal glial cultures (Fig. 13e) . The estimated molecular weight for the chicken receptor protein was~50 kDa, a value very similar to the value described for the rat P2Y 2 receptor by the manufacturer. In these preparations, no labeled band was detected using the antiserum #APR-006 from Alomone against the rat P2Y 4 receptor (data not shown).
Discussion
In the present work, we show that only retinal glial cells grow progressively toward the area devoid of cells in retinal cultures that were mechanically scratched. This response was blocked by apyrase, suggesting that nucleotides participate in the growth of glial cells. This idea is reinforced by the observation that suramin or Reactive Blue 2, two general P2 nucleotide receptor antagonists, blocked the growth of glial cells.
Live imaging experiments revealed that glial cells proliferate, expand cytoplasmic protrusions, and migrate intensively at the scratched area. Since proliferation of retinal progenitors in the chick developing retina is stimulated by nucleotides like ADP and UTP [13, 20, 21, 24] , the growth inhibitory effect of apyrase and P2 receptor antagonists could be due to inhibition of glia proliferation in the scratched area. However, no effect of apyrase on the number of PCNA + cells was observed at the border of the scratch, suggesting that nucleotides did not affect the proliferation of these cells. In good agreement with this hypothesis is our observation that neither UTP nor ADP stimulated the incorporation of [ 3 H]-thymidine in the cultures, no matter if they were scratched or not. Moreover, previous data showed that both UTP-and ADP-mediated increase in retinal cell proliferation occurs only in early developing tissues, during a stage where progenitors are still proliferating [13, 20, 21] . In retinal tissues from embryos older than 9-day-old or in retinal cultures from 7-day-old animals cultivated for 4 or more days, no effect of ATP on cell proliferation was observed in previous studies [20, 21] , and the proliferative activity of glial cells at the border of the scratch in our cultures most likely is regulated by trophic factors other than nucleotides. An interesting possibility that deserves to be investigated further is whether growth factors such as EGF, IGF-1, or FGF can modulate the proliferation of glial cells in scratched retinal cultures. It was established that these factors induce the proliferation of Müller glial cells in adult chick retinas, submitted or not to chemical injury [39, 40] .
Inhibition of the growth of glial cells in scratched cultures by apyrase was antagonized by the UTP hydrolysis-resistant analog UTPγS, but not by ADPβS, suggesting that nucleotide-dependent growth of glial cells is related to UTP-but not to ADP-sensitive P2Y receptor subtypes. Fig. 11 Effect of RB-2 on glial cell adhesion to fibronectin-coated culture dishes. Glial cells from purified cultures with 20-22 days were dissociated and seeded at a density of 75,000 cells/well on 12-well culture dishes previously coated with 10 μg/mL of fibronectin, in the presence or absence of RB-2 at 50 or 100 μM concentrations. After 2 h, cultures were extensively washed, fixed, and photographed, and the number of attached cells counted. Representative micrographs of control (a) and 100 μM RB-2-treated cultures (b). c Quantification of cell attachment. Cells in 10 fields along the diameter of each dish were counted. Data represent the mean ± SEM (% of control) of three experiments performed in duplicate. *p<0.05 and **p<0.01 compared to control. Bar=20 μm ADP-sensitive P2Y 1 receptors were previously described in Müller glial cells [22] , a finding that is corroborated by our present observation that ADP induces intracellular calcium increases in Müller cells growing at the edge of the scratch in the cultures. Moreover, although MRS2179, a specific antagonist of P2Y 1 receptors, significantly decreased ADPinduced proliferation of glial progenitors in early developing retinal cultures, this compound did not affect the growth of glia in the scratched cultures, reinforcing our hypothesis that UTP preferring P2Y 2 /P2Y 4 receptors are the sites involved in the growth of glia to the scratched area. However, we cannot exclude completely the involvement of other P2 receptors in glial cell growth, since suramin and RB-2 are not selective antagonists for P2Y 2 /P2Y 4 receptors.
While several reports have shown that nucleotides can induce the migration of different cell types in culture [27] , cell migration is a complex coordinated process of cell polarization, protrusion of the cytoplasm, adhesion, and forward displacement of the cell [38] . In the present study, live imaging experiments revealed that in cultures that were treated with apyrase, glial cells at the border of the scratch formed only small cytoplasmic protrusions that soon retracted toward the cell soma. Moreover, as opposed to control cultures, detachment of glial cell bodies away from the rest of glial cells of the border of the scratch was never observed in these apyrasetreated cultures, suggesting that adhesion and/or migration of glial cells required nucleotide receptor activation to occur properly. In good agreement with this possibility is our observation that addition of the P2 receptor antagonist RB-2 attenuated significantly dissociated glial cell adhesion to fibronectin-coated culture dishes, as well as glia migration through fibronectin-coated membranes of trans-well inserts. The observations that, in apyrase-treated cultures, phalloidinlabeled actin cytoskeleton was less organized, α-tubulin labeled microtubules were arranged in parallel orientation relative to the scratched area, and vinculin-labeled adhesion sites were hardly found, also support this hypothesis. However, since the effect of RB-2 on cell adhesion was characterized using dissociated glial cells, we cannot exclude the possibility that apyrase and antagonists affected additional mechanisms other than glial cell attachment to the substrate and migration in the scratched cultures. In this latter preparation, glial cells are attached to each other at the border of the scratch. It was demonstrated previously that cultured migrating astrocytes establish lateral junctions containing N-cadherin that regulate cell orientation in the direction of the free cell edge [41] . Since nucleotides induce the expression of N-cadherin in cultured astrocytes [42] as well as in transformed cells [43] , one Cell migration entails activation of a variety of molecular and cellular events that converge in morphological changes and cell displacement. Different intracellular signaling pathways activated by membrane receptors were implicated in these events, including nucleotide receptors [27] . For example, phosphorylation of Akt and FAK induced by nucleotides and EGF were associated with migration of neural stem cells [30] . PI3K/Akt or MEK/ERK pathways were found to mediate UTP-induced migration of astrocytes [37] or smooth muscle cells [44] . In the present study, we found that, in contrast to the MEK inhibitors U0126 and PD98059 that showed small effects, inhibitors of PI3K and SRC as well as the FAK inhibitor PF573228 attenuated the decrease in the area free of cells in scratched cultures, suggesting that growth of glia toward the scratch occurs through a mechanism involving the activation of PI3K, SRC, and FAK and possibly the ERK pathway.
Noteworthy, adhesion and migration of dissociated glial cells were blocked by the antagonist RB-2, and glial growth in scratched cultures was attenuated by apyrase and nucleotide antagonists. Therefore, one interesting possibility would be that nucleotide-dependent adhesion and/or migration of glial cells was mediated by PI3K, SRC, and FAK activated by nucleotide receptors. Accordingly, UTP significantly stimulated the phosphorylation of Akt in the retinal cultures, an effect that was also blocked by the PI3K and SRC inhibitors. However, activation of these intracellular pathways could be related to other receptors or additional mechanisms also required for the growth of glial cells in the scratched cultures. These possibilities deserve to be further explored.
Finally, although Muller cells from adult human and rat retinas express transcripts for both P2Y 2 and P2Y 4 receptors [17] , only immunoreactivity for the P2Y 4 receptor protein was detected in Muller cells from the rodent retina [22] , suggesting that these cells express only the P2Y 4 UTP-sensitive receptor subtype. In the present work, we detected the P2Y 2 receptor protein with an antiserum against the rat P2Y 2 receptor in extracts from purified chick retinal glial cultures. Moreover, besides UTP, the P2Y 2 receptor specific agonist MRS 2768 induced intracellular calcium increases in Muller cells at the border of the scratch, suggesting the presence of functional P2Y 2 receptors that could mediate UTP-induced growth of glial cells in scratched cultures. In good agreement with this possibility are previous evidences implicating this receptor in the migration of cultured astrocytes [37] . However, due to the poor specificity of the commercially available antagonists for P2Y 2 and P2Y 4 receptors, our data cannot exclude the involvement of the P2Y 4 receptor in the growth of glial cells in scratched cultures. While both suramin and RB-2 blocked the growth of glial cells toward the scratched area, PPADS, a compound that, like RB-2, is considered as a weak antagonist for P2Y 4 receptor, had no effect. Since PPADS blocked the increase in intracellular calcium induced by UTP but not by the P2Y 2 receptor agonist MRS 2768 in glial cells growing at the border of the scratch, our data, collectively, support the idea that both P2Y 2 and P2Y 4 receptors are expressed in these cells. Additional experiments with more specific agonists and antagonists will help to define which UTP-preferring receptor is involved in adhesion and migration of glia cells in scratched retinal cultures.
